We employ an asymmetric multivariate VAR-GARCH model to study spillover effects between Bitcoin and energy and technology companies. We find unilateral return and volatility spillovers and bidirectional shock influences and demonstrate portfolio management implications of dynamic conditional correlations.
Introduction
Cryptocurrencies have received significant attention from investors, media and regulatory authorities with a burgeoning academic interest from computer science to finance literature (Böhme et al., 2015) . Despite the huge number of cryptocurrencies, Bitcoin maintains the lion's share with substantial market capitalization. Bitcoins are backed with blockchain technology which allows a decentralized system for the introduction of new Bitcoins and verification of transactions by solving a crypto-puzzle. The requirements in terms of computing power and energy are enormous as Bitcoin transactions increase, more miners compete in the Bitcoin network, and the crypto-algorithm that verifies blocks and rewards miners becomes more difficult. The total annual energy consumption amounts to 57.69 TWh, close to the electricity needs of Kuwait (BitcoinEnergyConsumption.com, March 2018) . Despite the strong interdependence between energy, technology and Bitcoin, their dynamics and economic linkages have not yet been explored.
This study fills the gap by contributing in two ways. First, we use a Vector Autoregression conditional mean process to model returns and the asymmetric BEKK Generalized Autoregressive Conditional Heteroskedasticity process for variances (VAR-BEKK-AGARCH) to examine return, volatility, and shock spillovers between Bitcoin and stock indices of clean energy, fossil fuel energy and technology companies.
1 Second, we study portfolio management implications of dynamic conditional correlations in a minimumvariance optimal portfolio.
Our study expands previous efforts in cryptocurrencies' literature that analyze the diversification benefits and interdependencies with financial assets (Dyhrberg, 2016; Ciaian et al., 2018; Corbet et al., 2018) and explore Bitcoin returns and volatility (Balcilar et al., 2017; Katsiampa, 2017) . Our work is closely related to the strand that investigates spillovers in energy and technology firms (Sadorsky, 2012) and studies that connect Bitcoin with energy prices, the key element for its production and sustainability (Bouri 1 The supply of low-cost energy plays an important role in the high energy demands of Bitcoin miners. For instance, the abundance of geothermal and hydroelectric energy in Iceland attracts Bitcoin miners consuming more power than households (https://grist.org/article/bitcoin-gobblesup-clean-energy-just-when-the-real-world-needs-it-most/). Recent renewable energy PPA contracts have lowered prices dramatically and are in a trajectory to continue doing so in the next years (https://cms.irena.org/publications/2018/Jan/Renewable-power-generation-costs-in-2017). Pricing for new projects is so favourable for renewables that worldwide in 2017 more solar was installed than any other fossil fuel energy source (https://www.unenvironment.org/news-and-stories/press-release/bankingsunshine-world-added-far-more-solar-fossil-fuel-power). Our paper is organized as follows. Section 2 presents the data and methodology.
Section 3 discusses the empirical findings and Section 4 provides the main conclusions.
Data and Methodology
We obtain data for S&P Global Clean Energy Index (SPGCE), MSCI World Energy Table 1 displays the summary statistics and the correlation matrix. The unconditional correlation of BTC with SPGCE is marginally significant, while the correlations between stock indices are positive and strong. Figure 1 shows the time series of prices. BTC has remarkable returns which are accompanied with extreme volatility that is five times higher than the most volatile stock index.
Our study employs the VAR(1)-BEKK-AGARCH model of McAleer et al. (2009) which considers asymmetries of negative shocks on conditional variance. 4 The conditional mean and variance are described as follows:
(1)
where R t is a vector of returns on clean and fossil fuel energy, technology, and Bitcoin (i = 1, 2, 3, 4) at time t; ε t is the error term; z t is an i.i.d. process and H t is the conditional variance-covariance matrix. The past information available at time t − 1 is denoted as 
Empirical Results

Return, Volatility and Asymmetric Shock Spillovers
The estimation results are presented in Table 2 . We find significant and positive past own return effects on energy indices (φ 11 , were benefited by government subsidies and fixed-term contracts, clean energy distributors offered reduced prices when the production was abundant without opportunities for energy storage or change in the production. The finite Bitcoin mining, the higher energy efficiency with storage solutions and the smaller and cheaper equipment are expected to change these relationships in the future.
As for the estimates of variance-covariance equations, own conditional ARCH (α ii ) and GARCH (β ii ) effects are indicative of short and long-run persistence, respectively.
Our findings suggest stronger and larger long-run persistence of own volatility than shortterm persistence. MSCIWE exhibits the highest long-run persistence, followed by BTC, SPGCE, and MSCIWIT. Short-term volatility spills over from technology companies to Bitcoin (α 43 ) that could be explained by the increasing demand of miners for advanced high-technology products from computer hardware manufacturing companies. Unilateral long-term spillovers from Bitcoin to fossil fuel and clean energy stocks (β 14 , β 24 ) are indicative of the effect of Bitcoin on energy demand in the long-run. We also find evidence of bilateral negative shock or "bad news" transmissions between Bitcoin and fossil fuel Note. ***, **, * denote significance at 1%, 5%, and 10%, respectively. P-values for the squared standardized residual diagnostics are reported in brackets.
energy and technology companies (δ 24 , δ 34 , δ 42 , δ 43 ).
Even though we do not employ in our main analysis DCC or CCC alternatives of 
Dynamic Correlations and Portfolio Management Implications
The strong variations of conditional correlations suggest that the assumption of constant dependencies is not realistic. Additionally, the low correlation of Bitcoin with stock indices demonstrates its potential as an investment opportunity. 
where w t is an 4 × 1 vector of portfolio weights and ι is an 4 × 1 vector of ones. The constraints ensure that the sum of portfolio weights should be equal to one and short-sales are not allowed. The optimal portfolio weights are given by: 
